The Junonia coenia densovirus rapidly traverses the gut epithelium of the host lepidopteran without replicating in the gut cells. The ability of this virus to transcytose across the gut epithelium is of interest for the potential use of virus structural proteins as delivery vehicles for insecticidal peptides that act within the insect hemocoel, rather than in the gut. In this study, we used fall armyworm, Spodoptera frugiperda to examine the binding of the virus to brush border membrane vesicle proteins by two-dimensional ligand blot analysis. We also assessed the rate of flux of the primary viral structural protein, VP4 fused to eGFP with a proline-rich linker (VP4-P-eGFP) through the gut epithelium ex vivo in an Ussing chamber. The mechanisms involved with transcytosis VP4-P-eGFP were assessed by use of inhibitors. Bovine serum albumin (BSA) and eGFP were used as positive and negative control proteins, respectively. In contrast to BSA, which binds to multiple proteins on the brush border membrane, VP4-P-eGFP binding was specific to a protein of high molecular mass. Protein flux was significantly higher for VP4-P-eGFP after 2 hours than for albumin or eGFP, with rapid transcytosis of VP4-P-eGFP within the first 30 minutes. In contrast to BSA which transcytosed following clathrin-mediated endocytosis, the movement of VP4-P-eGFP was vesicle mediated but clathrinindependent. The specificity of binding combined with the efficiency of transport across the gut epithelium suggest that VP4 will provide a useful carrier for insecticidal peptides active within the hemocoel of key lepidopteran pests including S. frugiperda.
Introduction
Junonia coenia densovirus (JcDNV) (Ambidensovirus; Parvoviridae) is a small, singlestranded DNA virus that is lepidopteran-specific (Bergoin & Tijssen, 2008; Pham et al., 2013) and highly pathogenic to a few species, including Spodoptera frugiperda (J.E. Smith) (Rivers & Longworth, 1972; Bergoin & Tijssen, 2008; Mutuel et al., 2010) . Following ingestion by a lepidopteran host, JcDNV rapidly crosses the gut epithelium without replication, ultimately causing mortality through infection of underlying tissues (Bergoin & Tijssen, 1998; Mutuel et al., 2010) . This vesicle-mediated transport across a cell is known as transcytosis. Transcytosis across the insect gut epithelium allows the virus to avoid cellular barriers to infection such as the sloughing of infected gut cells (Sparks et al., 2008) .
In the case of viruses that do not replicate in the insect vector (e.g. luteovirid plant viruses, some arboviruses), transcytosis is used to access the hemocoel from which the virus enters the salivary glands for further transmission (Gray & Gildow, 2003; Mutuel et al., 2010; Bonning & Chougule, 2014) . Virus structural proteins, such as those of the JcDNV capsid, mediate the transepithelial movement of the virus. The JcDNV major capsid protein (VP4) is capable of forming virus particles that are morphologically similar to the JcDNV virion and mimic JcDNV entry and transport in cell culture (Vendeville et al., 2009) . Based on an analogous system involving a plant virus that transcytoses across the gut of an aphid vector , the major capsid protein VP4, is expected to be sufficient for transcytosis across the host gut epithelium in the absence of the JcDNV virion. VP4 could potentially serve as a delivery vehicle for insecticidal peptides and proteins that act within the hemocoel of the insect, rather than within the gut (Bonning & Chougule, 2014) . In addition to the delivery system demonstrated by use of a plant virus coat protein for delivery of a neurotoxin to aphids , the use of the plant lectin, Galanthus nivalis agglutinin (GNA) has also been demonstrated for delivery of neurotoxins to Lepidoptera (Fitches et al., 2012) and to aphids (Nakasu et al., 2014) .
The specificity of such neurotoxin delivery vehicles to specific orders of insects is expected to relate to the specificity of binding to receptors in the insect gut. While GNA for example binds to mannose residues which are common in the guts of multiple insects (Hester & Wright, 1996) , virus binding is expected to be more specific. Similar to other parvoviruses, JcDNV is hypothesized to use be endocytosed by specific receptors into a host cell (Brown et al., 1993; Di Pasquale & Chiorini, 2006; Boisvert et al., 2010; Pillay et al., 2016) . As albumin is known to bind to multiple proteins and to transcytose across the gut epithelium of Heliothis virescens (Jeffers et al., 2005) , and Bombyx mori, via a receptor-dependent, clathrin-associated endocytosis pathway (Casartelli et al., 2005; Casartelli et al., 2008) , this protein was used as a positive control for analysis of VP4 binding and transcytosis in S.
frugiperda.
We sought to address (1) whether virion protein VP4 is sufficient for movement across the S. frugiperda midgut epithelium in the absence of the JcDNV virion structure, (2) the efficiency of transcytosis of VP4, and (3) mechanisms associated with VP4 transport across the gut epithelium. The flux of VP4 fused to enhanced green fluorescent protein (eGFP) across the gut epithelium was compared to that of albumin and eGFP in an Ussing chamber, in the presence or absence of inhibitors to elucidate transport mechanisms. The gut surface proteins bound by VP4 and albumin were also examined.
Materials and methods

Insect rearing
Spodoptera frugiperda (corn strain) eggs were obtained from Dr. Robert L. Meagher, USDA ARS, FL. Larvae were reared on a wheat germ-and soy flour-based artificial diet (Frontier Scientific, General Purpose lepidopteran diet) in a growth chamber at 25°C with a 16 h light and 8 h dark photoperiod.
Preparation of brush border membrane vesicles
Brush border membrane vesicles (BBMV) of 14 to 20 sixth instar S. frugiperda were prepared from isolated midguts as described previously (Linz et al., 2015) . Final aliquots of BBMV in cold diluted 1:2 MET buffer (0.3 mol/L Mannitol, 5 mmol/L EGTA, 17 mmol/L Tris-HCL pH 7.5) were stored at −80°C. Aminopeptidase (APN) activity in the initial homogenate and final BBMV preparations was determined as described previously (Linz et al., 2015) . The APN activity of the BBMV samples was enriched 7-to 13-fold compared to the initial homogenate.
Production of test proteins
For testing of macromolecular transport across the epithelium of S. frugiperda, bovine serum albumin (BSA; albumin) labelled with fluorescein isothiocyanate (FITC) was purchased from Sigma-Aldrich. Free FITC was removed from FITC-albumin before addition to chamber using Pierce™ Dye Removal Columns (ThermoFisher Scientific). FITC-albumin was added to a micro-spin column with 500 µL resin, vortexed briefly and centrifuged for 30 sec at 1000 g. The collected protein was added to the chamber.
E. coli (Z-competent Top10) were transformed with pBAD/HisB-GFP (Linz et al., 2015) and eGFP expression was induced with 0.02% (w/v) L-(+)-Arabinose (Sigma-Aldrich) This article is protected by copyright. All rights reserved. 6 overnight at ambient temperature. Ni-NTA agarose resin (Qiagen) was used to purify eGFP following the manufacturer's protocol.
The cDNA sequence encoding Junonia coenia densovirus (JcDNV) structural protein VP1 (GenBank accession number: NC_004284.1) fused to a proline-rich linker and eGFP (VP1-P-eGFP) was synthesized by GenScript. The proline rich linker was derived from the N-terminus of the Pea enation mosaic virus readthrough protein (Linz et al., 2015) (-GGGGACGACGCTCCCCCGTCACCAGGGCCTGATCCCGGGCCCCAACCACCACCA CCTCCACCCCCAAGTCCCACTCCCGTAGGA-; GDDAPPSPGPDPGPQPPPPPPPSPTPVG). The 47 kDa VP4 region within VP1 along with the linker and eGFP sequences were PCR amplified ( Fig. 1) . To obtain the VP4-P-eGFP sequence, we used primers VP4 F (5'-ATCGTAGGATCCGCTATGTCATTACCTGGAACTGG-3') and eGFP R (5'-ACTGAGAAGCTTTAGTTAGCCGCTTTACTTGTACAG-3': restriction enzyme sites indicated by underlines, start and stop codons in italics). The forward primer was modified from Croizier et al (Croizier et al., 2000) . The PCR fragment was digested with BamH I and Hind III (Promega) and cloned into pGEX-2T. The VP4-P-eGFP fragment was then digested and cloned into pFastBac1 for use in the Bac-to-Bac® Baculovirus Expression System (Invitrogen).
For baculovirus expression of VP4-P-eGFP, Sf9 cells maintained in Sf-900™ III serum free medium (Gibco) without antibiotics were infected with the recombinant bacmid using Cellfectin II (Invitrogen) to produce recombinant VP4-P-eGFP. Expression of VP4-P-eGFP in insect cells was confirmed using fluorescence microscopy to detect eGFP fluorescence (excitation 395 nm, emission 488 nm) and western blot using rabbit anti-GFP
(1:5000; ThermoFisher Scientific) and HRP-labeled goat anti-rabbit (1:10 000; ThermoFisher Scientific). For protein expression, a suspension culture of Sf9 cells (400 mL at 1-2×10 6 cells/mL) was infected with the recombinant baculovirus vVP4-P-eGFP at a moiety of infection (MOI) of 10. Suspension cultures were incubated at 28°C with shaking at 140 r/m.
As the recombinant VP4-P-eGFP was insoluble ( Fig. S1 ), the fusion protein extracted from the cells at 72 hours post infection (hpi) was denatured as described in (O'Shaughnessy et al., 2011) . The fusion protein was refolded by dialysis, using 50 mmol/L Tris and 300 mmol/L NaCl, pH 8.0 with decreasing concentrations of urea (4, 2, 1, 0.5, 0 mol/L) in each successive buffer. Protein was diluted to ≤ 0.1 mg/ml before dialysis. Each buffer exchange was performed at 4°C for 24 h, and dialysis against the final buffer without urea was repeated twice. Refolding was assessed by eGFP fluorescence and lack of protein aggregation after centrifugation at 4000 r/m for 15 min. Refolded VP4-P-eGFP was concentrated using PEG20
and Slide-A-Lyzer™ dialysis cassettes (ThermoFisher Scientific). Bradford assays were used to quantify purified eGFP and VP4-P-eGFP ( Fig. S2 inset) (Bradford, 1976) .
Production of JcDNV
The plasmid pBRJ containing an infectious clone of JcDNV (Jourdan et al. 1990 , Dumas et al., 1992 was used for production of JcDNV. Gypsy moth cells, IPLB-LD-652, seeded in 1:1 Excell420 medium (Sigma): Grace's Insect Medium (Invitrogen) at 8 × 10 5 cells/ 35 mm 2 well in a 6 well plate were transfected with pBRJ-JcDNV using Cellfectin II (Invitrogen). The supernatant containing JcDNV was collected 4 days post transfection (dpt) and stored at 4°C. Protein and virion production were confirmed by western blot with anti-JcDNV antiserum (1:5000 dilution) and transmission electron microscopy (TEM) respectively ( Fig. S3 ). Virus was amplified in 25 cm 2 flasks (1 × 10 6 cells/mL), with 1 mL of virus supernatant per flask. Supernatant containing virions was collected at 7 days post infection (dpi). Virus quantification was based on ImageJ analysis of JcDNV protein bands (confirmed by western blot), with reference to a BSA standard curve.
Two-dimensional gel electrophoresis and ligand blotting
Suspensions containing 50 µg of midgut BBMV proteins were separated using twodimensional gel electrophoresis as described in (Linz et al., 2015) . After centrifugation to remove insoluble material, the BBMV proteins were applied to a 7 cm ReadyStrip TM IPG Strips, pH 3-10 (Bio Rad) for rehydration for 2 h. An Ettan IPGphor 3 (GE Healthcare) was used for isoelectric focusing as follows: 50 V (10 h), 500 V (1 h), 1000 V (1 h), and 8000 V (10 h). Following isoelectric focusing, BBMV proteins were separated by size using Any kD TM Mini-PROTEAN TGX precast protein gels (BioRad), run at 180 V in cold SDSrunning buffer for 50 min.
After two-dimensional separation, proteins were transferred to a nitrocellulose membrane for 1 h at 100 V. Membranes were incubated for 1 h at room temperature with 5% (w/v) non-fat dry milk in phosphate buffered saline with 0.2% (v/v) Tween-20 (PBST). For blots to be exposed to albumin, 0.5% (v/v) polyvinyl alcohol was substituted for milk. Blots were exposed to 5 nmol/L of albumin, eGFP or VP4-P-eGFP (10 µg/mL) in PBST for 1 h at room temperature. Blots probed with JcDNV (10 µg/mL) in PBST were incubated for 2 h at 4°C. Blots without exposure to ligand were used to assess antibody binding to BBMV proteins. Primary antibodies, anti-BSA (ThermoFisher Scientific), anti-GFP or anti-JcDNV, were used at a dilution of 1 : 5000 to detect bound ligands. Bound primary antibody was detected using HRP-conjugated secondary antibodies (goat anti-rabbit at 1 : 10 000), HyGLO
Chemiluminescent HRP Antibody Detection Reagent (Denville Scientific Inc., MA) and Xray film using standard procedures. Ligand blots were repeated twice for albumin and eGFP, five times for JcDNV, and nine times for VP-P-eGFP.
Midgut isolation
The midguts of sixth instar S. frugiperda were isolated for assessment of transcytosis of test proteins in an Ussing chamber. Larvae were sedated on ice for 30 min. Gut dissections were performed in cold Insect Physiological Solution (47 mmol/L KCl, 20.5 mmol/L MgCl 2 , 20 mmol/L MgSO 4 , 1 mmol/L CaCl 2 , 88 mmol/L Sucrose, 4.3 mmol/L K 2 HPO 4 , 1.1 mmol/L KH 2 PO 4 , adjusted to pH 7.5) (Cermenati et al., 2011) . The gut was exposed by opening the cuticle via a longitudinal incision on the ventro-lateral side. The midgut was isolated, opened longitudinally and mounted on sliders (0.1 cm 2 ) for use in the Ussing chamber (Physiologic Instruments, Model P2300). Peritrophic membranes were removed while mounting tissue to the slider.
Ussing chamber experiments
The slider with the mounted midgut epithelium was inserted into the Ussing chamber.
The epithelium was perfused with 2.5 to 3 mL of luminal buffer ( Experiments were run for no longer than 2 hours to ensure that tissue remained viable in the chamber during the course of each experiment. Sections of paraffin-embedded tissue taken from chamber experiments at 2 h displayed healthy epithelial morphology with no apparent loss of integrity.
Addition of endocytic inhibitors
To explore the mechanisms of transcytosis, the endocytic inhibitors chlorpromazine albumin, as this drug has been shown to bind serum proteins (Kirchhausen et al., 2008; McCluskey et al., 2013) .
Statistical analysis
All physiological data were compared by the nonparametric Rank Sum Test using Sigmaplot version 12.5 software (Systat Inc, San Jose, CA) and presented as mean ± standard error (SE). A value of P ≤ 0.05 was considered to be significant. Statistical analysis was performed to test for significant differences in the median values between time points of the same protein and between protein flux rates. Treatment means (i.e. drug inhibitors) were compared to the no treatment samples to test for statistical differences that would indicate an inhibitor effect on protein movement.
Results
Binding of test proteins to midgut BBMVs
To assess the binding of JcDNV, VP4-P-eGFP, eGFP and albumin to lepidopteran epithelial proteins, two-dimensional gel electrophoresis was used to separate BBMV proteins isolated from the guts of 6th instar larvae. Albumin bound multiple S. frugiperda BBMV proteins including at least 6 proteins between 20 and 100 kDa at pI of 10. There was no binding of albumin antibodies to membranes when ligands were not present (Fig. 2) . In contrast, the anti-JcDNV antibody bound multiple BBMV proteins in the absence of ligand suggesting that host proteins were present in the virus inoculum used for generation of the antiserum. The virus inoculum was produced in S. frugiperda larvae (Wang et al., 2013) .
However, a spot of 150 to 250 kDa with a pI of ~10 that was consistently detected on exposure of the membrane to JcDNV was absent from no ligand control blots (Fig. 2) . No binding of VP4-P-eGFP or eGFP was detected in ligand blots (Fig. S2 ).
Protein transport across the midgut epithelium
The movement of FITC-albumin, VP4-P-eGFP and GFP across the S. frugiperda midgut epithelium was examined ex vivo in an Ussing chamber. The transport rate from the lumenal to hemolymphatic chamber was significantly higher for VP4-P-eGFP (60 pmol/cm 2 /2 h) than for FITC-albumin (P = 0.004, N = 6; Rank Sum Test) or eGFP (P = 0.016, N = 4; Rank Sum Test: Fig. 3A ). Greater variation was seen in the transport rate of albumin across replicate experiments than for VP4-P-eGFP or eGFP. The midguts exposed to FITC-albumin were removed from the chamber system at 2 h, washed in hemolymph buffer and examined for albumin retention. While albumin found in the lumenal and hemocoel chambers remained intact, the protein in the tissue was degraded (data not shown).
Uptake of 3 µmol/L eGFP or VP4-P-eGFP via the gut lumen and subsequent flux across the gut epithelium is shown in Figure 3B . Only low levels of eGFP were detected in the hemocoel across all time points. The fusion of VP4 to eGFP with a proline rich linker significantly enhanced fluorescence in the hemocoel chamber across all time points (P ≤ 0.017, eGFP versus VP4-P-eGFP; Rank Sum Test), with a flux of 118 ± 5 pmol/cm 2 at 2 h. eGFP crossed the midgut at 22 ± 3 pmol/cm 2 at 2 hours (Fig. 3B ). The flux of VP4-P-eGFP was rapid with the majority of protein crossing the epithelium within 30 min. VP4-P-eGFP flux increased between the first 10 minutes time point and final time point taken at 2 hours (P = 0.022, N = 6; Rank Sum Test). This result confirms the ability of VP4 alone, without the structure virion structure of JcDNV to cross the gut epithelium.
Albumin enters the midgut via clathrin-mediated endocytosis
Endocytic inhibitors were introduced into the lumenal chamber 30 minutes prior to the addition of test proteins to examine the mechanisms involved in protein uptake. The effects of four inhibitors on albumin transport are shown in Figure 4 . Chlorpromazine (CPZ), which selectively blocks clathrin-dependent entry, resulted in an 80% reduction in albumin flux to the hemocoel chamber in 6th instar S. frugiperda (P ≤ 0.001, N = 8; Rank Sum Test).
Tannic acid (TA) alters membrane permeability preventing carrier-mediated flux of molecules (Hunter et al., 1965; Diwan, 1972; Brown et al., 1989) , and methyl-β-cyclodextran (MBCD) disrupts lipid rafts thereby inhibiting endocytosis by receptor proteins within lipid rafts, through the sequestration of cholesterol (Barman & Nayak, 2007) . There are indications This article is protected by copyright. All rights reserved. 13 however that MBCD also inhibits clathrin (Rodal et al., 1999; Vercauteren et al. 2010 ). The membrane fixing properties of TA also blocked transport of FITC-albumin across the gut epithelium (P = 0.004, N = 5; Rank Sum Test), as did MBCD (P = 0.017, N = 5; Rank Sum Test) (Fig. 4A) . However, the impact of MBCD was not as great as those of CPZ and TA (P ≤ 0.019, compared to MBCD; Rank Sum Test). These results indicate that albumin movement across the columnar cells of the gut epithelium in S. frugiperda is primarily dependent on active transport via clathrin-mediated endocytosis (CME) via receptors located in lipid rafts.
VP4-P-eGFP transport is via dynamin-dependent entry
Having demonstrated that VP4 is sufficient for movement across the gut epithelium in the absence of the JcDNV virion structure, we sought to address whether the mechanism of uptake is the same as for JcDNV. In contrast to albumin, CPZ had no significant effect on transport of VP4-P-eGFP indicating that VP4-P-eGFP is not dependent on clathrin-mediated endocytosis. VP4-P-eGFP transport displayed a dose-dependent response to increasing concentrations of Dynasore (DYN), with 400 and 800 µmol/L DYN significantly reducing transport by 2 hours (Fig. 4B ). Dynasore inhibits dynamin, a GTPase required for membrane fission for vesicle production during endocytosis. TA at a 100 µmol/L concentration was able to significantly inhibit the transport of VP4-P-eGFP (P = 0.016, N = 4; Rank Sum test) (Fig.   4B ). These results indicate that VP4-P-eGFP transport is mediated by clathrin-independent, vesicular transport.
Discussion
The potential to exploit the rapid movement of JcDNV across the gut epithelium of its lepidopteran host for development of a delivery vehicle for hemocoelic insecticidal peptides was the primary motivation for this work (Bonning & Chougule, 2014) . We demonstrated that JcDNV binds to a high molecular mass BBMV protein of 150 to 250 kDa, and that flux of VP4-P-eGFP across the S. frugiperda gut epithelium is efficient and particularly rapid within the first 30 min of exposure. The transcytosis of VP4-P-eGFP across the gut epithelium is vesicle dependent but clathrin independent.
Although JcDNV was shown to bind a high molecular mass protein in ligand blots against BBMV proteins, the identity of this protein could not be confirmed due to low protein abundance. In addition, binding of the fusion protein VP4-P-eGFP was not detected in these ligand blot assays. As the virion of JcDNV contains 60 copies of the VP structural protein, it is possible that use of higher concentrations of VP4-P-eGFP would have resulted in binding in ligand blots. Alternatively, virus-like particles comprised solely of VP4 could be used for ligand blot analysis (Vendeville et al., 2009) . Based on previous analysis of residues involved (Multeau et al., 2012) , VP4 plays a primary role in JcDNV binding to the gut epithelium.
Consistent with this we have shown that VP4 alone is sufficient for binding and transcytosis across the gut epithelium. The lack of binding of VP4-P-eGFP in ligand blots may also reflect the transient nature of JcDNV-receptor interactions as shown for entrance into cultured insect cells (Wang et al., 2013) , although our detection of JcDNV binding argues against this scenario. Although a diverse range of receptors have been identified for parvoviruses in vertebrates (Cotmore & Tattersall, 2007) , these receptors are unlikely to be predictive, as vertebrate parvovirus capsids have relatively rough surfaces compared to the insect parvoviruses (Simpson et al., 1998; Bruemmer et al., 2005) . We hypothesize that VP4-P-eGFP binds to the same BBMV protein as shown for JcDNV in the current study, the identity of which remains to be determined.
Albumin bound several BBMV proteins with alkaline pI in ligand blots. The ability to bind to multiple proteins on the surface of epithelial cells could increase the chances of protein entry into a cell. It cannot be assumed however that all proteins bound would serve as receptors that mediate endocytosis. A megalin-like lipophorin receptor was implicated in endocytosis of albumin into the gut epithelial cells of B. mori (Casartelli et al., 2008) , but
receptors have yet to be conclusively identified. As described previously for B. mori, some of the albumin that entered the gut epithelial cells of S. frugiperda was degraded within the cell while albumin in the lumen and hemolymphatic chambers remained intact (Casartelli et al., 2005) , indicating that transcytosis of this protein is inefficient. Our results for albumin are consistent with prior work with larval B. mori showing the use of CME to cross the midgut epithelium via columnar cells (Casartelli et al., 2005) .
The initial rapid flux of VP4-P-eGFP (Fig. 3B) is a characteristic shared with the wild type virus particle that also displayed rapid uptake early in ex vivo transport studies (Wang et al., 2013) . Transport of VP4-P-eGFP in the current study appeared to increase again after 1 hour, possibly indicating saturation of receptors on the cell surface by 30 minutes and their subsequent recycling to the apical surface. Such rapid movement across the gut epithelium allows the virus to avoid gut-based antiviral responses (Sparks et al., 2008) . CME is considered a constitutive major pathway responsible for the internalization of nutrients and macromolecules, triggered by receptor binding (Traub & Bonifacino, 2013) . In contrast to albumin, there was no change in VP4-P-eGFP transport following treatment of the epithelium with CPZ, indicating that entry is not clathrin-mediated. TA and DYN treatments of the apical membrane surface significantly blocked VP4-P-eGFP transport. TA acts by crosslinking surface proteins, preventing vesicle formation for endocytosis (Polishchuk et al., 2004) , while DYN prevents dynamin-induced membrane scission. Dynamin is involved with multiple endocytic pathways in addition to CME, including caveolae-mediated endocytosis, and possibly macropinocytosis (Harper et al., 2013) . Hence, while our results indicate that VP4-P-eGFP transport across the gut is vesicle-dependent, the type of vesicle remains to be confirmed. JcDNV movement across the S. frugiperda midgut was also shown to be inhibited by TA and DYN (Wang et al., 2013) . Wang et al. (2013) found a dose dependent response to the amount of DYN inhibitor for the virus similar to our results (Wang et al., 2013) . Here we
show that VP4-P-eGFP behaves in a similar fashion to JcDNV for movement across the S.
frugiperda gut epithelium, with both being endocytosis-and dynamin (vesicle)-dependent.
In contrast to the clathrin-independent endocytosis of JcDNV and VP4-P-eGFP for transcytosis across the gut epithelium of S. frugiperda, JcDNV uses CME to enter ovaryderived Lymantria dispar cells in culture, prior to replication in these cells (Vendeville et al., 2009 ). These authors also demonstrated that VP4 could mediate binding and internalization of VP4 virus-like particles although a role of other structural components could not be excluded in the binding and infection processes. It is likely that JcDNV and VP4-P-eGFP bind to receptors on the surface of the gut epithelium that are absent from the surface of host cells such as those used by Vendeville et al. (2009) that support virus replication. Proteins such as enzymes and sugar transporters that function in the digestion and uptake of nutritive materials from the gut lumen are likely gut-specific proteins that may serve as virus receptors. Indeed, a deletion in a transmembrane amino acid transporter protein in B. mori conferred resistance to a parvo-like virus, BmDNV2, suggesting that this protein functions as a receptor for this virus (Ito et al., 2008) , although this remains to be definitively shown. Four of eight VP4 amino acids exposed on the surface of the JcDNV virion that could function in host specificity (Bruemmer et al., 2005) , were shown to reduce the ability of the virus to cross the midgut epithelium of S. frugiperda (Multeau et al., 2012) and may function in VP4 -receptor molecular interaction. JcDNV is pathogenic to multiple lepidopteran species, namely Spodoptera littoralis, S. frugiperda, Mamestra brassicae, Bombyx mori, Junonia coenia, and Lymantria dispar (Rivers & Longworth, 1972; Bergoin & Tijssen, 2008; Mutuel et al., 2010) . This virus may use conserved gut receptor molecules to mediate endocytosis across the gut epithelium of these six lepidopteran hosts.
The identification of JcDNV receptor proteins on the surface of the midgut columnar cells that mediate clathrin-independent endocytosis, and on the surface of cultured S.
frugiperda cells that mediate clathrin-dependent endocytosis will be of particular interest for understanding the recognition and cellular uptake processes of this virus.
Here we have demonstrated that VP4-P-eGPF, which does not produce VLPs, can cross the midgut via clathrin-independent, dynamin-dependent endocytosis. Having established that VP4 can carry a protein across the midgut, further work will focus on the potential use of VP4-mediated delivery of hemocoeloc toxins for management of damaging Final version received April 10, 2018
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Figure Legends
Fusion to VP4 significantly enhanced eGFP transport into the hemolymphatic chamber within 30 minutes. The amount of VP4-P-eGFP in the hemolymphatic chamber was significantly greater than that of eGFP at all time points (P ≤ 0.016; Rank Sum Test).
This article is protected by copyright. All rights reserved. 28 Fig. 4 Albumin but not VP4-P-eGFP is taken up by clathrin-dependent endocytosis. Panel A:
The inhibitor CPZ reduced albumin transport across the midgut indicating that albumin uptake is mediated by clathrin-dependent endocytosis. Transport was also inhibited by TA, which blocks membrane fusion and MBCD that blocks lipid raft endocytosis. Mean ± S.E. is significantly different from no inhibitor (*P ≤ 0.009) or MBCD (**P ≤ 0.019); Rank Sum
Test. Inhibitor concentrations: CPZ (100 µmol/L), MBCD (10 mmol/L), TA (100 µmol/L).
Panel B: VP4-P-eGFP transport is mediated by clathrin-independent endocytosis. CPZ had no impact on VP4-P-eGFP transport. DYN, which blocks dynamin in the budding and scission of nascent vesicles from membranes, blocked VP4-P-eGFP transport. Similarly, TA significantly reduced VP4-P-eGFP transport. Mean ± S.E. is significantly different from no inhibitor (*P = 0.016; Rank Sum Test). Inhibitor concentrations: CPZ (100 µmol/L), TA (100 µmol/L).
